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I. INTRODUCTION
Denture retention is defined as the resistance in the movement of a denture away
from its tissue foundation, especially in a vertical direction.49 The concept of attachment
fixation for overdentures originated in Switzerland around 1898,32 and the incorporation
of osseointegrated implants to retain an overdenture was first suggested by Stallblad in
1983.48
Treatment of the edentulous patient with an implant-stabilized removable
prosthesis has been shown to provide a predictable, successful outcome that overcomes
functional deficiencies associated with traditional complete dentures.34 It has been
reported that loaded, osseointegrated, root-form implants under mandibular overdentures
can provide implant survival rates of 97 to 100%.8 Current dichotomy in treatment
planning edentulous patients with less than ideal bone support and height, especially in
the mandible, has progressed toward an implant-supported overdenture as the standard
baseline treatment for restoration of the lower dentition.6 The prosthodontic community
has waited long for a practical and effective means to restore soft tissue architecture
while being able to provide the patient with satisfactory masticatory efficiency.
Historically, this was done utilizing natural tooth roots as abutments to support a
removable prosthesis by the preservation of bone. The preservation of natural tooth
roots, however, may prevent passive seating of the denture into the vestibular depth. The
utilization of tooth roots as abutments for overdentures also requires meticulous oral
hygiene and the daily application of topical fluoride to prevent recurrent decay which
may lead to total loss of the abutment teeth.
Treatment planning the edentulous patient to restore their dentition with a
reasonable number of teeth for appropriate masticatory function may include implant-
supported fixed complete dentures, conventional removable prostheses, or
implant/mucosa-supported removable prostheses. Often, these patients present to the
clinician with a predetermination that their dentition can be restored with an implant-
supported fixed complete denture or fixed-detachable complete denture. If anatomical
features preclude the possibility of placing such prostheses, especially in the maxilla, the
clinician must inform the patient of the necessity and importance of restoring Soft-tissue
architecture and facial form that can often only be accomplished by using a removable
prosthesis. A properly educated patient can be made aware of the necessity to restore
extra-oral facial form and intra-oral function and may therefore realize the importance
behind this treatment approach.
Although the incidence of dental decay within our population has dramatically
declined since the 1970s, people are living longer and healthier, and it is this proportion
of the population that is at need for partial- or full-mouth rehabilitation. 54 As a result, it
is estimated that within the population over the next 30 years, the number of edentulous
individuals over age 65 will remain constant at around 9 million, despite a decrease in the
percentage who are edentulous.3 Many of these individuals have had traumatic
experiences with dental care in the past, and their procrastination in seeking routine
follow up dental care has led them to a point in time where their existing dentition is not
restorable by predictable conventional methods.
The edentulous patient who has no other restorative option than a removable
prosthesis can consider the possibility of having implants placed to facilitate retention of
the new restoration. Financial, clinical, and medical considerations influence the decision
about placement of one or more implants for overdenture retention. With the maxillary
or mandibular overdenture concept, it is important to have implants placed in positions
that will properly accommodate the defined restoration. Often times, patients may return
to the restorative clinician with implants that are inappropriately positioned when placed
by surgical specialists. Construction of a bar-retained or stud-anchored overdenture
necessitates parallelism of the implants and enough interocclusal clearance to
accommodate prosthetic attachments, acrylic resin thickness, and/or underlying metal
framework. In recent studies, it has been suggested that implants be positioned as
parallel to one another and to the path of insertion of the planned prosthesis as
perpendicular to the occlusal plane as possible so that they are loaded axially without
producing a bending moment.33’ 41, 49 When interocclusal space is encroached upon by
implants that are positioned too coronally or non-parallel, the resultant contour of the
prosthesis may cause problems with the occlusal form of the prosthesis, inadequate
tongue space and phonetic issues. Inadequate acrylic resin thickness between the implant
prosthetic components and teeth may cause fracture of the acrylic resin base and/or teeth
and may necessitate multiple office visits for repairs.
Some investigators believe that non-parallel implants could impede passive
insertion of the prosthesis and lead to premature wear of the prosthetic components,s6 It
has been suggested that, although divergence of about 10 degrees between two unsplinted
implants can usually be tolerated, excessive wear will result from wide divergences or
convergences.45 Mericske-Stem33 measured implant axis inclination by means of
cephalometric radiography in an investigation of the relationship between mandibular
implant position and the occlusal plane of the corresponding implant overdenture. Ofthe
88 implants in the mouths, of 44 patients, 19% had an axial angle exactly 90 degrees to
the occlusal plane, while 11% showed a lingual inclination and 70% showed a buccal
inclination. To date, there are no published studies which evaluate the degree of implant
inclination that could compromise retention of the attachments used to retain the planned
prosthesis.
II. SPECIFIC OBJECTIVES
The objective of this in-vitro study is to investigate the possibility of placing
implant-supported removable prostheses on non-parallel implants utilizing ball abutments
as the major retentive mechanism. This study will evaluate the loss in retention when
retentive matrices are coupled with a single ball abutment on an implant that is not
parallel to a vertical reference axis. Because the retentive anchor associated with many
implant systems is a sphere, it is reasonable to assume that the path ofplacement and
withdrawal of a matrix could be positioned in three dimensions on a ball abutment. In
this instance, the ball abutmem and matrix combination should exhibit similar functional
properties regardless of its orientation.56
This project will utilize standardized ball abutments placed on ITI dental implants
positioned at varying degrees to facilitate randomized testing of gold and titanium matrix
retention when pulled at a defined velocity of 2 mm/sec.
III. LITERATURE REVIEW
Historical Perspective andEpidemiology
Edentulism is an unresolved health care issue of sustained significance and
relevance in the increasing aged population of the United States.7 Weintraub and Burt
concluded that more than one third of the population over 70 is edentulous and existing
estimates indicate that more than one quarter the population older than 65 is edentulous.54
White et al. found that nearly one half of the octogenarian population is edentulous55 and
more than 50% of the "oldest old" are without teeth as well. Within the past few
decades, these individuals have comprised the fastest growing portion of the United
States’ population.9 Current estimates according to the National Institute of Dental and
Craniofacial Research epidemiological data approximate edentulism at nearly 10% of the
total US adult population,3 and the estimated number of edentulous individuals ages 18
to 74 using complete denture prostheses in this country is nearly 14 million.46 It is
estimated that over the next 30 years, the number of edentulous individuals over age 65
will remain constant at around 9 million, despite a decrease in the percentage who are
edentulous. 13
Marcus et al. reported that over 20% of all dentures were old and in dysfunction,
and 18% of the study participants showed soft tissue lesions associated with ill-fitting
29dentures. Redford et al. determined that more than 50% of mandibular complete
dentures have problems with stability and retention.46 Perhaps the most significant
biological condition associated with mandibular complete denture retention is
physiological alveolar ridge resorption, resulting in diminishing oral tissue volume for
denture support and stability.5 These edentulous patients become increasingly more
frustrated with the poor function of their prosthesesparticularly with the mandibular
complete dentureand it is these patients that seek alternative treatment options. A
knowledgeable and skilled clinician can educate and provide these patients with the most
appropriate approach to improve their dental dilemma.
Denture Prosthetic Rehabilitation
The concept of replacing intraoral soft-tissue architecture and the physiognomy of
the edentulous patient has been proven successful with the utilization of a complete
denture. The influence of adhesive and cohesive forces, surface tension, atmospheric
pressure, viscosity and volume of saliva, gravity, muscle posturing and occlusion on
denture retention has been well documented. However, it is not always possible to
achieve adequate denture retention and stability because of poor jaw and ridge
relationships, inadequate vestibular depth, neuromuscular coordination, inadequate
quantity of bone and attached alveolar mucosa, and psychological conditions.6
Unsuccessful surgical procedures to either increase the vestibular depth or augment the
alveolar ridge to increase intraoral soft tissue volume have exasperated clinician’s
attempts at increasing denture retention and stability. These treatments have provided
mixed long-term success and h/ve occasionally introduced significant complications and
morbidity.22,. 31 When satisfactory denture support is present, the use of denture adhesives
can improve treatment outcome, but they are also subject to misuse or abuse.47 Until the
incorporation of osseointegrated implants, the edentulous patient was left to manage their
ill-fitting prostheses purely by acclimation and the objectionable certitude that a complete
denture will not be as retentive as they would like.
Denture Retention
Patients whose dentures lack stability benefit significantly from even slight
increases in denture retention.52 It has been documented that a direct relationship exists
between prosthesis retention, stability and patient satisfaction.6’ 7, 39 Most complaints
concerning [mandibular] complete dentures are pain and looseness,z7 and the discomfort
patients complain about is often linked to instability as the moving denture abrades the
tissues under physiologic function.28 Johns et al. found a significant decrease in soreness,
stomatitis, and ulceration in the anterior mandibular tissues with the use of implant
overdenture treatment when compared with conventional dentures.23 In one of the few
published reports comparing overdenture treatment using natural tooth roots and
implants, Mericske-Stem35 concluded that the data indicate a higher probability of
success in the mandible when overdentures are supported by implants rather than tooth
roots. There also exists the high probability for decay on natural tooth abutments
supporting an overdenture and the possibility that the labial flange of the overdenture
may not extend far enough into the depth of the vestibular mucosa to prevent food
entrapment.
Research
Research in implant prosthodontics for the edentulous patient initially received
little interest. It was shown, however, that the use of dental implants could provide
predictable prosthodontic results. 1’ 26 The introduction of osseointegrated implants has
provided the patient with treatment alternatives that facilitate retention and stability of
complete dentures, and has greatly influenced the edentulous patient’s social comfort
level and masticatory efficiency. The implant-supported overdenture becomes an
especially attractive treatment option because of its technical simplicity, minimal
invasiveness, and affordability. 4’ 42 The preservation of facial support and alveolar bone
when moderate to extreme alveolar ridge resorption, is present provides yet another
advantage to having implants placed. Tallgren reported that the rate of.resorption is 4
times greater in the mandible compared with the maxilla,5 and longitudinal studies have
shown that a mean yearly alveolar ridge height reduction of around 0.4 mm can be
expected in the edentulous anterior mandible resulting from physiological changes.’
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Crum and Rooney found that patients treated with complete maxillary dentures and
mandibular overdentures retained by natural tooth roots demonstrate less vertical alveolar
bone reduction than patients with complete maxillary and mandibular dentures.
Implant-retained Overdentures
A prosthesis supported by both implants and mucosa generally requires few
implants when compared with the totally implant-supported fixed prosthesis, and such an
option offers the patient an ecbnomic altemative.23 Two dental implants are usually
considered the minimum number necessary for mandibular implant overdenture treatment
allowing the mucosa and implants to help provide support, retention, and stability for the
overdenture. 59 However, recent evidence has shown that even one single implant placed
in the mandibular midline of an extremely atrophic mandible may help to retain an
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overdenture enough to satisfy the patient with financial difficulties, retracted tongue
position or extreme alveolar ridge resorption.24 As more implants are used,
responsibility for these functions shifts from the mucosa to the implants, however
improvements in expected retention gain and overall performance of the prosthodontic
treatment may not be significant enough to warrant additional implant placement.5
Batenburg noted that no significant differences in the periimplant variables or
survival rates were observed between overdentures supported by 2 or 4 implants.3 In the
maxilla, an overdenture supported by 4 implants provides the opportunity for the
prosthesis to restore palatal contours for speech articulation, saliva control, helps to
facilitate retention of osseous tissue, restores nasiolabial lip contour, and allows the
patient’s tongue to be reunited with a natural palatal vault.2 The implant-retained
mandibular overdenture provides the patient with an extremely stable and retentive
prosthesis and relative certainty that such a prosthesis will not become dislodged when
speaking or eating. A number of patients, primarily older individuals, would even prefer
an implant-supported overdenture to implant-supported fixed prostheses if given the
choice, iv In a comparative 5-year study, overdentures presented fewer complications and
18
maintenance requirements than fixed prostheses in the mandible. 50 This indicates that
implant-supported overdenture treatment should not be considered a second-class
treatment; rather, in patients with mandibular retention problems and with the ability to
tolerate a removable denture, it is often the therapy of choice. 13’ 17
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A number ofprospective studies21’ 38; 57 have demonstrated good long-term results
using only 2 implants to support an overdenture in the mandible. In addition, secondary
physiologic advantages may be gained by the use of implant-retained overdentures in the
mandible. The stabilizing influence of implants may promote tissue health with properly
maintained posterior support. Jacobs et al. found that maxillary bone resorption lessened
when the mandibular dental arch was restored with implant-supported overdentures than
when complete dentures or fixed-detachable implant prostheses were utilized.2 Bums et
al. helped to document improved tissue health with complete denture prostheses that
oppose a mandibular implant overdenture. They also concluded that a more stable
occlusion provides a better distribution of occlusal forces and protects the maxillary
anterior edentulous ridge.5 However, common empirical evidence has shown a
combination syndrome-like effect9 with an implant-retained mandibular overdenture
opposing a maxillary denture. As the patient functions, the implant-retained mandibular
overdenture simulates a tooth- and tissue-supported distal extension removable partial
denture. Without proper maintenance of the prostheses, deflective occlusal contacts and
settling of the maxillary complete denture causes the loss of posterior support. The
functional load is transferred from the anterior portion of the mandibular overdenture via
the mandibular implants to the maxillary anterior ridge. Consequently, the maxillary
denture drifts inferiorly posterior to the mandibular fulcrum line and the anterior
maxillary ridge begins a resorptive process due to transient and intermittent functional
ischemia. A properly fabricated mandibular implant-retained overdenture and maxillary
complete denture should evenly distribute the functional load throughout the prostheses
without having to consider functional load differences that would be seen with
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mandibular teeth retaining a distal-extension removable partial denture. Routine recall
appointments and regular maintenance of the patient’s prostheses will help to lessen the
potential physiologic consequences ofthe combination syndrome.
The dental profession has advocated that implants planned for use with
overdentures be parallel to one another to obtain predictable attachment retention,
complete seating of the restoration, and to prevent premature wear or fatigue of the
involved components. 1’ 6, 14, 49, 51, 56 This recommendation is further reinforced by the
literature provided by implant manufacturers.4’ 49 Because difficulties may arise in
placing multiple implants parallel to one another because of anatomic problems, or
because patients present with implants that are improperly positioned, the clinician must
judiciously consider the definitive design of the prosthesis and determine whether
insertion and removal of the prosthesis by the patient can be executed without difficulty
and without premature loss of retention. Implant parallelism can be more critical with
independent implant systems, and increasing the number of implants incorporated into
the treatment further complicates implant placement. In situations where the presentation
of the existing alveolus and basal bone dictates implant placement, it may be extremely
difficult or impossible to place implants parallel to one another. In these instances, the
clinician is challenged with restoring the patient’s demition in spite of less than ideal
surgical results.
The modicum of treatment in restoring edentulous patients with implant-
supported overdentures has typically come by way of familiarity and comfort of
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prosthesis construction by the practitioner. Such prostheses offer improved retention,
stability, function, proprioceptive feedback and comfort to the patient.4’ 59 Many
clinicians advocate the utilization of a linked-bar supported overdenture while others
consider magnets and ball attachments less cumbersome and technically demanding.
Most attachment systems afford the advantage of transferring occlusal forces applied to
the prosthesis between the implants and mucosa and replace both hard- and soft-tissue
architecture to provide better support for the oro-facial musculature.53
The placement of.dental implants as close to perpendicular to the occlusal plane
as possible has been cited as important in reducing stress intensity and concentration
around the implants,15 especially if the implants are to function as free-standing
abutments. The use of a bar linking implants together has the principle advantage to
transfer occlusal forces between or among the linked implants evenly, however, the
procedure is costly in clinical and technical time. It is preferable to have implants
positioned to allow a wide range of choices for prosthetic reconstruction, rather than
dictating a particular design.47 Nevertheless, more practical and economic options rely
on retentive elements being placed on free-standing implants, and may incorporate
magnets or ball attachments. Walmsley and Frame3 have reported that there is less need
for parallel abutments with magnet-retained overdentures because the line of insertion is
less critical, but few authors have considered comparable advantages with ball
attachments. Many clinicians adhere to the belief that ball attachments cannot be used
when implant placement is not parallel, and hence will revert to using angled abutments,
flexible attachments, and bar/clip assemblies to compensate for such situations.25’ 36, 37, 42
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Not only does the employment of these treatment modalities increase the complexity of
treatment, but also incurs substantially more cost to the patient. Stem and Zarb58 contend
that although the use of retentive ball abutments and magnets is the easiest and most cost-
effective way to retain dentures by implants, they do not adhere to the belief that ball
abutments may be used to compensate for unfavorable and non-parallel alignmem of
implants.
When implant placement is not parallel and stud-anchored attachments are to be
used, concerns exist regarding incomplete seating of the prosthesis, unpredictable
retention and premature wear of the retentive matrices and/or retentive anchors. Since
the ball associated with several implant systems is a sphere, it is reasonable to assume
that, within certain limits, a matrix rotated on the sphere would exhibit the same retentive
properties unrelated to how the sphere is connected to the implant. The retention would
only be affected by the path ofwithdrawal of the matrix, and therefore the position of the
matrix on the ball abutment would not affect retention or seating of the prosthesis in
relation to the position of the spherical attachment to the implant.56 If the clinician were
to be confronted with implants that are not parallel, she or he must ascertain whether
spherical attachments can be employed. If any portion of the ball abutment interferes
with seating of the retentive matrix, it is possible that the prosthesis will not completely
seat and retention of the involved components may be compromised.
IV. NULL HYPOTHESIS
This project will address the null hypothesis that no difference exists in retention
of a particular type of gold or titanium matrix when coupled to a single ball abutment
positioned at 0, 10, 20, and 30 from a vertical reference axis.
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V. MATERIALS & METHODS
Ball abutments
Five ball abutments were obtained from the manufacturer (Institut Straumann AG,
Waldenburg, Switzerland) and their diameters were measured in various positions with
the use of a micrometer. This was done to determine if there were significant differences
in the diameter from one ball abutment to another.
Implant Jig
Four ball abutmems (Institut Straumann AG, Waldenburg, Switzerland) were
obtained directly from the manufacturer (Figure 1) and hand-tightened onto four 4.1 mm
diameter ITI dental implants (Institut Straumann AG, Waldenburg, Switzerland) with the
use of a ball abutment driver. The implants were coated with Loctite Threadlocker(R)
epoxy resin (Permatex, Hartford, CT) and then threaded imo an aluminum rod with four
premachined holes 3.8 mm in diameter. The cylindrical aluminum rod was encased in a
rectangular sleeve (Figure 2) that allowed rotary movement of the rod so that the
implants could be angled at 0, 10, 20, and 30 from a vertical reference axis (Figures
Matrix Jigs
Four gold and four titanium matrices were obtained from the manufacturer
(Cendres & Metaux, Bienne, Switzerland). Four matrix jigs were fabricated from stock
aluminum sheeting, each of which retained a gold or titanium matrix (Figures 7 & 8) in a
recessed well filled with PMMA (Motloid Corp., Chicago, IL) (Figure 9). Modifications
16
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to the matrix jigs were made so that they could be fastened to the actuator arm of a Mini
Bionix II MTS 858 machine (MTS Corp., Minnesota, USA). A rectangular aluminum
rod was used to join the actuator arm to the matrix jigs (Figure 10). The superior:aspect
of the rectangular rod was securely attached to the actuator. The matrix jigs were loosely
joined with the rectangular rod using standard metric screws to allow passive engagement
of the gold or titanium matrices on ball abutments prior to commencement of testing
(Figure 11).
The implant jig was fastened to a miniature vise securely mounted on a
rectangular aluminum platform 4 mm thick. A large aluminum plate measuring 152.4 cm
in diameter was attached to a 500 N force transducer. The gold or titanium matrix jig to
be used was coupled with the ball abutment angled at 0, 10, 20 or 30 and then
carefully lowered onto the aluminum plate attached to the force transducer until a slight
negative load was registered by the MTS machine. This provided assurance that no
tensile load was present on the coupled matrix/ball abutment pair prior to commencement
of tensile testing (Figure 12). Dislodging tensile tests ("pull tests") of the gold and
titanium matrices were executed at 2 mm/sec, simulating the approximate rate at which a
patient would remove an implant-retained removable prosthesis. These pull tests yielded
the peak load measurement-(maximum dislodging force)" the maximum force that
developed prior to complete separation of the gold or titanium matrix from the ball
abutment. The maximum retentive load was measured in newtons.
A balanced and randomized factorial experimental design testing procedure was
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implemented using the factors "ball abutment", "matrix", and "angle" (Table 1). Each
factor had four levels: four ball abutments were used with four gold or titanium matrices,
and four angles were tested (0, 10, 20, and 30). For analysis, both "ball abutment"
and "matrix" were treated as categorical variables, and "angle" as continuous. Pull tests
were performed in a randomized fashion with the four ball abutments at varying degrees
coupled to one ofthe four matrix jigs which contained a gold or titanium matrix.
Sectioned Specimens
To visually examine the intimate interaction between the ball abutment and gold
or titanium matrix, six ball abutments were hand-tightened onto six ITI dental implants.
Gold and titanium matrices were placed onto the ball abutments parallel to the long axis
of the dental implant and at an angulated position to the point where the matrix contacted
the inferior surface of the ball abutment. The implants were encased in epoxy resin
(Buehler, Lake Bluff, IL) and trimmed to expose the cross-sectional nature of the matrix
in relation to the ball abutment. In the interim ofprocedural testing, it was noted that the
manufacturer of the gold matrices changed the dimensions of the lamellae from a shorter
length to a longer length. The gold matrices with the shorter lamellae were discontinued
for distribution; two of these discontinued matrices were obtained from the manufacturer
and sectioned to illustrate differences in their interaction with ball abutments.
Photographs were taken with a digital camera (Fuji S 1 FinePix(R) Pro) at high resolution.
The images were enhanced with a computer software program (Microsoft(R) Picture It!
v.7.0) to appropriately illustrate the relationship of the ball abutment and matrix (Figures
1.3,18).
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Statistical Analysis
The data collected were subjected to statistical analysis facilitated by th use of
Design Expert(R) (Stat-Ease) and SPSS. For the ball abutment measurements, a one-way
analysis of variance (ANOVA) was performed. To control the overall error rate for the
comparison data of the five ball abutments, the Tukey studentized range or Honestly
Significant Difference test was used at a confidence interval of 95%.
The gold and titanium matrix factorial experimental data were collected and
subjected to ANOVA facilitated by Design Expert(R). Design Expert(R) was also used to
calculate descriptive statistics (means and standard deviations) for "ball abutment",
"matrix", and "angle". SPSS was used to calculate a linear regression for data obtained
from a single ball abutment/gold matrix pair, and a chi-square analysis was executed to
evaluate the simultaneous comparisons of the load-displacement curves generated with
the gold or titanium matrix used (Appendices C & E).
VI. RESULTS
Ball Abutments
SPSS wasused to calculate ANOVA for the five measured ball abutments. The
Tukey post-hoc test was used to compare the means of the ball abutments measured.
Statistically significant differences were noted among the five ball abutments at p < 0.02
(Table 2).
Gold Matrices
The factorial experimental data obtained from gold matrix testing (Table ..3) were
analyzed by Design Expert(R) and ANOVA was calculated to determine differences in
retention when ball abutments were positioned at 0, 10, 20, or 30. It was concluded
that all factors ("ball abutment", "matrix" and "angle") were statistically significant in
determining retention (p < 0.001) (Table 4). An overall mean retention value of 23.78 +
2.22 N was calculated for the 64 ball abutmem-angle-matrix combinations. Descriptive
statistics (Design Expert(R)) was used to calculate means and standard deviations for ball
abutment-angle-matrix combinations dependent upon the ball abutment used, angle at
which the ball abutment was positioned, and the gold matrix used (Table 5). From these
calculations, the following results were obtained: Ball abutment #2 exhibited the highest
mean retention value (26.6 +2.9); ball abutment #4, the lowest (21.8 :i: 3.7). Gold matrix
#4 displayed the highest mean retention value (24.8 + 3.3), irrespective of the ball
abutment or angle at which ball abutments were positioned. Ball abutments that were
positioned at 0 also displayed the highest mean retention value (26.7 +/- 2.9) while ball
abutments at 30 exhibited the lowest mean retention value (21.4 +/- 3.9).
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The data obtained from the factorial experimental design was used to generate a
model in which predicted retention values could be obtained. This model was found to
be statistically valid and hence could be used to explore the design space, or "predict" the
retention on any combination of "ball abutment", "matrix", and "angle". This model
provided further insight into component selection that will optimize or minimize
retention. For example, from the 64 combinations, it was determined that optimal
retention could be obtained with ball abutment #2 at 0 with gold matrix #4 (31.2 N). In
general, lower values of retention were seen when ball abutments were positioned at 20
or 30, however the retention values obtained were not solely dependent upon the angle at
which ball abutments were positioned. When utilizing ball #4 at 30 with gold matrix #1,
the peak load value in retention was predicted to be only 15.2 N. However, when ball #1
positioned at 30 with gold matrix #2 was used, the retention value predicted by the
model was 25.8 N.
The optimization data generated by Design Expert(R) permitted close inspection of
"high" and "low" retention values based on ball abutment, angle, or matrix. This model
provided insight into the range of retention values of all possible combinations: when
ball abutments were positioned at 20 using ball abutment #2 with gold matrix #3 would
produce a maximum retention value of 27.6 N. When ball abutment #4 with gold matrix
#1 was used, one could obtain a retention value of only 18.4 N. From the four gold
matrices employed in the procedure coupled with one of four ball abutments, the
retention values for this type of implant attachment could range from 31.2 N to 21.6 N at
0, 27.9 N to 19.8 N at 10, 27.6 N to 18.4 N at 20, and 25.8 N to 15.2 N at 30 (Figure
22
19). A linear regression was generated of the predicted values generated by the
optimization model and the actual measured retention values (ANOVA, p < 0.0001). A
coefficient of determination of 0.66 was calculated: approximately 66% of the variability
in the predicted retention values generated by the optimization model could be directly
obtained from actual retention data (Figure 20).
From the data obtained by the factorial experimental design, it was clear that the
angle at which ball abutments were positioned had an effect upon retention. To further
validate this finding, a single ball abutment and gold matrix was chosen and subjected to
multiple pull tests at 00, 10, 20, and 30. .A statistically.significant difference was noted
in ball abutments positioned at 20 and 30, but not between 0 and 10. A linear
regression analysis was generated (Figure 21) and a coefficient of determination value of
0.78 was found: 78% of the variability in the predicted retention values obtained by the
model generated by Design Expert(R) could be inferred directly from actual retention data
(p < 0.001).
Titanium Matrices
The data obtained from titanium matrix testing (Table 6) were analyzed by Design
Expert(R) and ANOVA was calculated to determine differences in retention when ball
abutments were positioned at 0, 10, 20, or 30. It was concluded that only two factors
("ball abutment" and "matrix") were statistically significant in determining retention (p <
0.001) (Table 7). An overall mean retention value of 19.4 + 4.7 N was calculated for the
64 ball-angle-matrix combinations. Descriptive statistics (Design Expert(R)) was used to
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calculate means and standard deviations for ball abutment-angle-matrix combinations
dependent upon the ball abutment used, angle at which the ball abutment was positioned,
and the titanium matrix used (Table 8). From these calculations, the following,results
were obtained" Ball abutment #2 exhibited the highest mean retention value (23.0
11.7); ball abutment #3, the lowest (17.2 + 4.6). Titanium matrix #2 displayed the
highest mean retention value (28.9 +/- 6.3), irrespective of the ball abutment or angle at
which ball abutments were placed. Ball abutments that were positioned at 0 also
displayed the highest mean retention value (20.6 + 8.0) while ball abutments at 30
exhibited the lowest mean retention value (18.3 + 9.6).
The data obtained from the factorial experimental design was used to generate
another model in which predicted retention values for titanium matrices could be
obtained. This model was found to be statistically valid and was used to explore the
design space. Similar to the gold matrix model, it provided further insight into
component selection that will optimize or minimize retention. For example, from the 64
combinations, it was determined that opt.imal retention could be obtained with ball
abutment #2 at 0 with titanium matrix #2 (39.6 N). When utilizing ball #4 at 30 with
titanium matrix #1, the peak load value in retention was predicted to be only 9.2 N.
However, when ball #2 at 30 with titaniurn matrix #2 was used, the peak load value in
retention was 38.5 N. The "high" and "low" values in retention obtained by the
optimization data with titanium matrices exhibited a much larger variability in retention
than the optimization data for the gold matrices. From the four titanium matrices
employed in the procedure coupled with one of four ball abutments, retention values for
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this implant attachment could range from 39.6 N to 11.8 N at 0, 36.6 N to 10.3 N at 10,
34.8 N to 11.2 N at 20, and 32.6 N to 9.2 N at 30 (Figure 22).
This optimization model provided insight into the range of retention values of all
possible combinations: when positioned at 20 ball abutment #2 with titanium matrix #2
would produce a maximum retention value of 34.8 N. When bali abutment #2 with
titanium matrix #4 was used, one could obtain a retention value of only 11.2 N. A linear
regression was generated of the predicted values generated by the optimization model and
the actual measured retention values (ANOVA, p < 0.0001). A coefficient of
determination of 0.66 was calculated: approximately 66% of the variability in the
predicted retention values generated by the optimization model could be directly obtained
from actual retention data (Fizure 23).
Load-Displacement Curves
The MTS Mini Bionix II 858 generated load-displacement curves for each pull
test. These curves display the release period and peak load of release (maximum tensile
dislodging force) for each matrix when pulled at 2 mm/sec (Appendices C & E).
Similarities in gold matrix peak load values were noted in the load-displacement curves
among ball abutments angled at 0, 10, and 20, however ball abutments angled at 30
revealed less retentive characteristics. Titanium matrices exhibited inconsistent load-
displacement curves regardless ofthe angulation ofball abutments.
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Load-displacement curves of the gold and titanium matrices generated by the
MTS were categorized into groups exhibiting similar load profile characteristics. Load-
displacement curves for gold matrix specimens could be partitioned into four .groups
according to the distribution of peaks generated (Figure 24)" Group 1, which exhibited
an initial peak five newtons less than a second, higher (recorded) peak retentive value;
Group 2, which exhibited an initial peak more than five newtons less than the second
(recorded) peak; Group 3, in which a dip was noted prior to the recorded peak retentive
value; and Group 4, which displayed no discemable peak before the peak retentive value
was recorded. To evaluate the simultaneous comparison of profiles generated by each
ball abutment, angle, and matrix, a chi-square analysis of the observed and expected
values was completed (Table 9). Chi-square summations for ball abutments, angles and
gold matrices were less than a.01 21.666. Hence, it is appropriate to conclude with
strong evidence that no tmique relationship exists between the load-displacement curves
generated with ball abutments, angles or gold matrices employed for gold matrix testing.
The load-displacement curves generated for the titanium matrices could be
partitioned into three groups (Figure 25): Group 1, in which a single (recorded) peak
was observed; Group 2, in which an initial (recorded) peak occurred prior to a second
peak of less than five newtons in retention; Group 3, in which a discemable peak of five
newtons or more was noted prior to a second (recorded) peak retentive value. The chi-
square summations (Table 9) for ball abutments, angles and titanium matrices were
greater than .0 16.812. Strong evidence exists in that there is a definite relationship
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between the load-displacement curves generated and the ball abutments, angle, or
titanium matrix used with titanium matrix testing.
VII. DISCUSSION
in the
The issue of incorrectly positioned dental implants has become a growing concern
field of prosthodontic overdenture rehabilitation. Until recently, many
investigators have claimed that when dental implants are not parallel to one another, the
restorative dentist must resort to the utilization of a bar-retained overdenture prosthesis. ’
6, 14, 49, 56 The implementation of such treatment increases the complexity of the definitive
restoration and incurs substantially more cost to the patient. A more economic and
simplistic overdenture treatment option is the utilization of one or more stud-anchored
attachments to retain the prosthesis. The present in-vitro study represents an
investigation into the retentive capacity of gold and titanium matrices when placed on
lone-standing ball abutments positioned at 0, 10, 20, and 30 from a vertical reference
The "ball-retained" overdenture prosthesis has been proven to be an effective and
simplistic treatment for the edentulous patient treated with endosteal dental implants.’
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There are numerous studies that document patient satisfaction with overdentures retained
by dental implants,4’ 13, 17, 21, 38, 57, 59 and the incorporation of dental implants into the
edentulous treatment plan is approaching a baseline standard of care, especially for the
mandibular edentulous patient. To date, there is no literature that investigates the
retentive capacity of gold and titanium matrices when placed on ball abutments
positioned at 0, 10, 20, and 30 from a vertical reference axis.
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The importance of this project is further undermined by the large number of
manufactured overdenture attachments available for dental implant systems. Many
attachments capitalize on being able to compensate for non-parallel implant placement,
but few manufacturers have evaluated the retentive characteristics of specific implant
overdenture attachment systems when implants are positioned at a defined angle.
Although the ball abutment with its gold or titanium matrix is a relatively straightforward
treatment modality, it is frequently not considered when dental implants are not parallel
to one another. The literature supplied by dental implant manufacturers and recent
literature that investigates implant overdnture treatment advocates that implants
incorporated into the edentulous patient treatment plan be parallel to one another to
prevent premature wear of the involved components and to obtain predictable attachment
retention., 6, 14, 49, 56 Walmsley & Frame have advocated the utilization of magnets to
compensate for non-parallel placement of implants.53 This conviction is fimher
reinforced by Stem & Zarb, who contend that ball abutments cannot be used to
compensate for non-parallel implant alignment and that the restorative clinician must
resort to a bar and clip prosthesis.59 Both investigative groups fail to understand the
importance in the position of the retentive gold or titanium matrix relative to the dental
implant, and that this position may dictate predictable retention depending on the matrix
attachment employed. Although the results of this study confirm that there is a decrease
in retention of gold matrices when implants are positioned off-axis, the reduction in
retention may not be significant to warrant utilization of a more expansive and
complicated implant overdenture attachment system.
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A preliminary investigation by Wiemeyer et al. 56 concluded that ball abutments
on dental implants may be divergent up to 60 from one other without compromising the
seating and retention of a prosthesis when gold matrices are used. While conceptually
valid, Wiemeyer and coworkers did not investigate the retentive capacity of the gold
matrices employed when implants were positioned in a non-parallel fashion.
This study provided a comprehensive investigation into the retentiveness of gold
and titanium implant overdenture attachments provided by the dental implant
manufacturer. Initial results affirmed that the angle at which, dental implants were placed
did affect the retentive capacity of gold matrices. In addition to angle being a significant
factor in determining retention, the ball abutment tested and the gold matrix used also
contributed to retention values. To examine why the angle at which ball abutments were
positioned affected retention, sectioned specimens of gold matrices and ball abutments
were prepared. It was noted that the gold matrices utilized in the investigation by
Wiemeyer et al. were discontinued by the manufacturer. The gold matrices employed in
their investigation had shorter lamellae in comparison to the gold matrices used in this
study. It is possible, however, that if the retention.of the discontinued gold matrices was
investigated, similar results to those obtained in this study may have been realized.
Further investigation into "hngle" as a contributor to the decrease in retention provided
additional information which verified initial results. Although one may contend that the
results of a single ball abutment/gold matrix pair may not be clinically applicable, the
significant decrease in the retention of gold matrices may provide for a prospective
exploration into potential fatigue wear patterns seen when implants are positioned off-
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axis. In addition, recent literature24 suggests that a single implant in the mandibular
symphyseal region outfitted with a ball abutment will provide a significant increase in
retention and stability of an overdenture prosthesis for the edentulous patient with
financial problems or with severe to extreme alveolar bone resorption.
Another significant factor in determining retention for both gold and titanitma
matrices was the ball abutment utilized for the testing procedures. When the ball
abutment measurements were statistically analyzed, it was unexpected to find statistically
significant differences. This finding may result from imprecise manufacturing of the ball
abutments, and the possibility that the ball abutments obtained from the manufacturer are
not perfectly spherical. This concept is validated upon close examination of the load-
displacement curves produced. Prior to the recorded peak load retention values, a slight
plateau in the load-displacement curves is seen with gold matrices. During this plateau,
the lamellae of the gold matrix may be engaging the equator of the ball abutment which
may be slightly flattened. Close scrutiny of the sectioned specimens affirms this
supposition as well.
The consistent values in retention seen with the gold matrices were expected. The
physical and chemical properties of the Elitor gold alloy (Appendix A) most likely
contributed to the retentive properties ofthis attachment along with standardization ofthe
space between the adjustable lamellae as supplied by the manufacturer. In addition, the
conceptual design of this attachment is more predictable than the titanium matrix because
of its single-componentdesign. The compositional nature of the Elitor gold alloy when
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subjected to tensile load application provides the resiliency required so that plastic
deformation does not occur. In repeated pulls, however, the Elitor gold alloy may
approach its yield strength prior to approaching initial fatigue. It is likely that in such
situations, fatigue wear of the gold matrix or ball abutment could limit the lifespan of
these attachments and consequently increase the number of post-operative visits required
to repair or replace the involved components. Not only would this .inconvenience both
the patient and restorative dentist, but it would add significantly more cost to the overall
treatment.
The inconsistent values in retention seen with the titanium matrices were also
unexpected. The manufacturer of this attachment suggests that these matrices provide a
defined retention of 700- 1100 kilograms, or 7 to 11 newtons. A significant degree of
variation in retentiveness was seen among the four different matrices and within a single
matrix as well. These findings may be explained by examining the design characteristics
of the titanium matrix. The retentive element of this type of attachment is in the form of
a C-shaped stainless steel spring (Figure 26). It is possible that the variation seen in
retention of these matrices may have come from the positional configuration of the
opening in the C-shaped spring, especially when ,implants are positioned at 0. In
addition, the position of the C-shaped spring within the lower housing of the titanium
matrix is not fixed. Close examination of the load-displacement curves intimates that the
spring exhibits a degree of "float" within the lower housing of the titanium matrix upon
initial tensile withdrawal force application. This assumption is reinforced by the amount
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of noise seen within each load-displacement curve when titanium matrices were
subjected to tensile load application.
VIII. CONCLUSIONS
The following conclusions were made:
1. Gold matrices demonstrated a smaller range in retention values’ when
compared to titanium matrices.
2. Ball abutment, angle and matrix were significant factors that contributed to
the retention values obtained for gold matrix testing.
3. When subjected to multiple pull tests at varying degrees, a single ball
abutment/gold matrix pair exhibits statistically significant differences in
retention when ball abutments are positioned at 20 and 30
4. The ball abutment and matrix employed in titanium matrix testing were
significant factors in determining retention.
5. A chi-square analysis of the categorized load-displacement curves of gold
matrices reveal that no relationship exists in the displacement curve generated
and gold matrix used.
6. A chi-square analysis of the categorized load-displacement curves of titanium
matrices reveal that a definite relationship exists in the titanium matrix used
and the load-displacement curve produced.
7. The optimization model produced allows for selection of components to
maximize or minimize retention of gold and titanium matrices. This model
also provides further insight into the range in retention values to be expected
with varying combinations ofball abutment, matrix and angle.
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IX. FUTURE RESEARCH
The results of this study provide some of the first data on the effect of withdrawal
path upon retention of a specific type of gold and titanium matrix when coupledwith a
single ball abutment positioned at varying degrees. These results emphasize the
importance of having dental implants surgically placed in positions where they will be as
parallel as possible to the desired path of withdrawal when an implant-supported
overdenture retained by stud attachments is to be employed.
This study evaluated only two types of retentive components coupled with a
specific spherical retentive anchor. This project is relevant to the treatment modality
employed in contemporary clinical prosthodontics as the retentive effectiveness of
implant overdenture stud attachments is well-known.4’ 43, 44 However, should
inappropriate implant position dictate utilization of lower profiled or more expansive
abutment and attachment systems, the necessity in investigating retentive properties of
other components should become fully realized prior to their clinical application. The
methodology of this research project can be used for future investigations on other types
of stud-anchored dental implant attachments so that attachment selection can be based on
simplicity, suitability, cost-effectiveness, and durability.
Additional variables that simulate clinical conditions can also be evaluated.
Cyclic "on-off’ loading of the matrix and ball abutment can demonstrate the long-term
properties of the involved components and may elucidate the life expectancy of these
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implant attachment components. This may help the clinician to realize the long-term
clinical effectiveness ofthe employed attachment system.
Further studies that evaluate the combined interactions of two or more ball
abutments with gold or titanium matrices will allow investigation into the combined
effects that withdrawal path has upon the retention obtained.
X. SUMMARY
This study compared the retention of two specific types of matrices for ball
abutments at varying degrees. Four ball abutments were hand-tightened onto 4..1 x 10
mm dental implants. Gold and titanium matrices were secured in custom-made jigs with
poly(methyl-methacrylate). The ball abutments were randomly positioned at 0, 10, 20
and 30 and randomly coupled with one of four gold or titanium matrices. The matrices
were pulled at 2 mm/sec along a vertical path ofwithdrawal with the use of an MTS Mini
Bionix II 858 ’testing machine. A randomized factorial experimental design procedure
was implemented which took into accotmt the factors, "ball abutment", "matrix", and
"angle". Each factor had four levels thereby providing balance to the experimental
design. The peak load of release of the gold or titanium matrix was recorded and the data
were subjected to ANOVA. Arithmetic means in retention and standard deviations were
calculated for the variables "ball abutment", "matrix" and "angle" independent of one
another. Load-displacement curves generated by the MTS testing machine were
categorized according to the character of the load-displacement curve and subjected to
chi-square analysis to determine if a relationship exists between the gold or titanium
matrix used and load-displacement curve generated.
Statistically significant differences were noted among the ball abutment diameters
(Tukey, 95%; ANOVA p < 0.02). The data obtained for the gold matrices from the
factorial experimental design were subjected to ANOVA (p < 0.001) and the factors,
"ball abutment", "matrix", and "angle" were found to be significant in determining
retention. Further analysis of a single ball abutment/gold matrix pair at varying angles
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validated that the factor "angle" contributed significantly to retention. Linear regression
of the data obtained from this pair provided evidence that statistically significant
differences in retention exist in ball abutments positioned at 20 and 30, but not between
0 and 10.
The data obtained from the factorial experiment design for titanium matrices were
subjected to ANOVA (p _< 0.0001) and the factors, "ball abutment" and "matrix" were
significant in determining retention. Angle had no effect upon the retention of titanium
matrices.
A chi-square analysis of the categorized load-displacement curves revealed that
no unique relationship exists between the gold matrix used and load-displacement curve
generated. However, the categorized load-displacement curves of the titanium matrices
exhibited unique characteristics which could be correlated to the ball abutment used,
angle at which ball abutments were placed, and titanium matrix used.
Sectioned specimens of a ball abutment coupled with a gold and titanium matrix
were produced to illustrate the intimate interaction between the two components. Gold
.and titanium matrices were positioned on ball abutments parallel to the long axis of the
implant and at an angulated position. The implants were encased in epoxy resin and
trimmed to reveal the cross-sectional nature of the coupled matrix/ball abutment
interaction.
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(N)
(ram)
(N)
(ram)
Group 1. Initial Peak < 5N than Recorded Peak Group 2. Initial Peak > 5N than Recorded Peak
(N)
(ram)
(N)
(ram)
Group 3. Dip Prior to Recorded Peak Group 4. No Discernable Peak Prior to Recorded Peak
Figure 24. Categorized Load-Displacement Curves Employed for Chi-square Statistics (Gold Matrices)
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(N)
(ram)
(N)
(ram)
Group 1. No Discernable Peak Prior to Recorded Peak Group 2. Peak< 5N Prior to Recorded Peak
(N)
(ram)
Group 3. Peak> 5N Prior to Recorded Peak
Figure 25. Categorized Load-Displacement Curves Employed for Chi-square Statistics (Titanium Matrices)
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APPENDIX A. COMPOSITION AND MECHANICAL PROPERTIES OF
COMPONENTS USED
ITIDental Implant
The dental implant utilized in this investigation is made of commercially-pure
grade IV titanium, with the following chemical composition:49
0.45 % max
Iron 0.30 % max
Carbon 0.10 % max
0.05 % max
0.015 % max
Remainder
Spherical Retentive Anchor
The spherical retentive anchor (Figure 1) is fabricated from commercially-pure
grade IV titanium. Its chemical composition is identical to that of the ITI dental implant.49
The mechanical properties49 of the commercially-pure grade IV titanium spherical
retentive anchor are noted below:
550 MPa rain. 20 % rain. 110 GPa
800 MPa typical 10 % rain. 110 GPa
82
83
Gold Matrices
The gold matrices (new and old type) used in this project (Figures 13 & 17) are
made of an Elitor gold alloy with the following properties’49
Chemical Composition
Au 68.6 %
Pt 2.5 %
Pd 4.0 %
11.8%
Cu 10.6 %
Ir trace
Zn 2.5 %
Mechanical Properties
Yellowish
880 940C
265
>260
285
690 N/rmm2
740 NTmm7
Soldering
The gold matrix comes direct from the manufacturer surrounded by a pink PVC ring. This
ring allows for adjustments in retention to be made to the Elitor alloy by special activating
and deactivating devices.
84
Titanium Matrices
There are three components that make up the titanium matrix (Figure 26). The
outer portion houses the retentive element which is secured by an inner threaded
component. The outer and inner components are made of commercially pure grade IV
titanium with the following chemical and mechanical properties:49
Chemical Properties
0.45 % max
on 0.30 % max
Carbon 0.10 % max
0.05 % max
0.015 % max
Titanium Remainder
Mechanical Properties
550 MPa rnin. 20 % min. 110 a
800 MPa tsical 10 % min. 110 GPa
The retentive element consists of a stainless steel "spring" which elastically deforms when
it engages the spherical retentive anchor. The stainless steel spring is held in place by the
inner component of the titanium matrix. Compositional and mechanical properties of this
stainless steel retentive element were not available.
APPENDIX B. LOAD-DISPLACEMENT CURVES FOR GOLD MATRICES
(COMBINED)
Load (N)
51)
30
20
10
0
0 2 3 4
Ex te n s io n (m m
85
APPENDIX C. INDIVIDUAL SPECIMEN LOAD-DISPLACEMENT CURVES FOR
GOLD MATRICES
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0,.5 0.6 0.7
Extension (mm)
[15]
Figure1. Ball 1, 0 Degrees, Gold Matrix I
86
87
Load (N)
50
40
30
20
10
0
0.0 0.2 0.3 0.4 0.5 0.6
Extension (mm)
0.7 0.8
[11]
Figure 2. Ball 2, 0 Degrees, Gold Matrix 1
88
50
40
30
2O
10
Load (N)
o
o.o
P
0.2 0.4 0.6 0.8 .0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Extension (mm)
[19]
Figure 3. Ball 3, 0 Degrees, Gold Matrix 1
89
50
40
30
20
10
Load (N)
o
o.o
P
0.2 0.4 0.6 0.8 .0 .2 .4 .6 .8 2.0
Extension (mm)
[3]
Figure 4. Ball 4, 0 Degrees, Gold Matrix I
90
Load (N)
50
40
30
20
10
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Extension (mm)
[13]
Figure 5. Ball 1, 0 Degrees, Gold Matrix 2
91
0.3 0.4 0.5 0.6
Extension (mm)
[10]
Figure 6. Ball 2, 0 Degrees, Gold Matrix 2
92
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Extension (mm)
[12]
Figure 7. Ball 3, 0 Degrees, Gold Matrix 2
93
50
40
30
20
10
Load (N)
o
o.o
P
0.2 0.4 0.6 0.8 .0 .2 .4 .6 1.8 2.0 2.2
Extension (mm)
[33]
Figure 8. Ball 4, 0 Degrees, Gold Matrix 2
94
5O
4O
3O
2O
10
Load (N)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Extension (mm)
[49]
Figure 9. Ball 1, 0 Degrees, Gold Matrix 3
Load (N)
50
40
30
20
10
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Extension (mm)
[40]
Figure 10. Ball 2, 0 Degrees, Gold Matrix 3
96
Load (N)
50
40
3O
20
0
0.0
10
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Extension (mm)
[30]
Figure 11. Ball 3, 0 Degrees, Gold Matrix 3
97
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Extension (mm)
[32]
Figure 12. Ball 4, 0 Degrees, Gold Matrix 3
98
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8
Extension (mm)
[43]
Figure 13. Ball 1, 0 Degrees, Gold Matrix 4
99
50
40
30
20
10
Load (N)
2
Extension (mm)
[11]
Figure 14. Ball 2, 0 Degrees, Gold Matrix 4
100
5O
4O
3O
2O
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Extension (mm)
[36]
Figure 15. Ball 3, 0 Degrees, Gold Matrix 4
101
Load (N)
50
40
30
20
10
0
0.0 0.2 0.4 0.6 0.8 1.0 .2 .4 .6 .8 2.0 2.2 2.4
Extension (mm)
[24]
Figure 16. Ball 4, 0 Degrees, Gold Matrix 4
102
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Extension (mm)
[47]
Figure 17. Ball 1, 10 Degrees, Gold Matrix I
103
Load (N)
50
40
30
2O
10
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Extension (mm)
[23]
Figure 18. Ball 2, 10 Degrees, Gold Matrix 1
104
50
40
3O
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 .4 1.6 1.8 2.0
Extension (mm)
[46]
Figure 19. Ball 3, 10 Degrees, Gold Matrix 1
105
50
40
30
20
10
Load (N)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Extension (mm)
[10]
Figure20. Ball 4, 10 Degrees, Gold Matrix I
106
50
40
30
20
10
Load (N)
P
0.0 0.2 0.4 0.6 0.8 .0 .2 1.4 1.6 .8
Extension (mm)
[9]
Figure 21. Ball 1, 10 Degrees, Gold Matrix 2
107
Load (N)
50
40
30
20
0.0 0.1 0.2 0.3
Extension (mm)
[6]
Figure 22. Ball 2, 10 Degrees, Gold Matrix 2
108
50
40
30
20
10
Load (N)
o
o.o
P
0.2 0.4 0.6 0.8 .0 .2 .4 1.6 .8
Extension (mm)
[29]
Figure 23. Ball 3, 10 Degrees, Gold Matrix 2
109
Load (N)
50
40
30
20
10
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Extension (mm)
[44]
Figure 24. Ball 4, 10 Degrees, Gold Matrix 2
110
Load (N)
50
4O
30
20
10
0
0.0 0.2 0.4 0.6 0.8 .0 .2 1.4 1.6
Extension (mm)
1.8
[5]
Figure 25. Ball 1, 10 Degrees, Gold Matrix 3
111
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Extension (mm)
[15]
Figure 26. Ball 2, 10 Degrees, Gold Matrix 3
112
50
40
30
20
10
Load (N)
0.00.10.20.30.40.50.60.70.80.91.01.11.21.31.41.5
Extension (mm)
[28]
Figure 27. Ball 3, 10 Degrees, Gold Matrix 3
113
5O
4O
3O
2O
10
Load (N)
0.0 1.0 2.0
Extension (mm)
[7]
Figure 28. Ball 4, 10 Degrees, Gold Matrix 3
114
5O
4O
3O
2O
10
Load (N)
o
o.o
Extension (mm)
[18]
Figure 29. Ball 1, 10 Degrees, Gold Matrix 4
115
Load (N)
50
40
30
20
10
0
0.0 1.0 2.0 3.0
Extension (mm)
[37]
Figure 30. Ball 2, 10 Degrees, Gold Matrix 4
116
50
40
30
20
10
Load (N)
o
o.o 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[17]
Figure 31. Ball 3, 10 Degrees, Gold Matrix 4
117
Load (N)
50
40
30
20
10
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Extension (mm)
[38]
Figure 32. Ball 4, 10 Degrees, Gold Matrix 4
118
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[9]
Figure 33. Ball 1, 20 Degrees, Gold Matrix 1
119
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Extension (mm)
[34]
Figure 34. Ball 2, 20 Degrees, Gold Matrix I
120
50
40
30
20
10
Load (N)
0
0.0 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Extension (mm)
[20]
Figure 35. Ball 3, 20 Degrees, Gold Matrix I
121
5O
4O
3O
2O
10
Load (N)
o
o.o
p
0.2 0.4 0.6 0.8 .0 1.2 1.4 1.6
Extension (mm)
[14]
Figure 36. Ball 4, 20 Degrees, Gold Matrix 1
122
Load (N)
50
40
30
20
10
0
0.0
P
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Extension (mm)
[2]
Figure 37. Ball 1, 20 Degrees, Gold Matrix 2
123
Extension (mm)
[7]
Figure 38. Ball 2, 20 Degrees, Gold Matrix 2
124
Load (N)
50
40
30
20
10
0
0.0 0.2 0.4 0.6 0.8 1.0 .2 .4 1.6 1.8 2.0 2.2
Extension (mm)
[31]
Figure 39. Ball 3, 20 Degrees, Gold Matrix 2
125
50
40
30
20
10
Load (N)
o
o.o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Extension (mm)
[48]
Figure 40. Ball 4, 20 Degrees, Gold Matrix 2
126
50
40
30
20
10
Load (N)
Extension (mm)
[27]
Figure 41. Ball 1, 20 Degrees, Gold Matrix 3
127
Load (N)
50
40
30 p
20
10
0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Extension (mm)
[4]
Figure 42. Ball 2, 20 Degrees, Gold Matrix 3
128
5O
40
30
20
10
Load (N)
P
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Extension (mm)
[41]
Figure 43. Ball 3, 20 Degrees, Gold Matrix 3
129
50
40
3O
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 .6 .8 2.0
Extension (mm)
[8]
Figure 44. Ball 4, 20 Degrees, Gold Matrix 3
130
50
40
30
2O
10
Load (N)
o
o.o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Extension (mm)
[42]
Figure 45. Ball 1, 20 Degrees, Gold Matrix 4
131
50
40
30
20
10
Load (N)
o
o.o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Extension (mm)
[21]
Figure 46. Ball 2, 20 Degrees, Gold Matrix 4
132
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Extension (mm)
[5O]
Figure 47. Ball 3, 20 Degrees, Gold Matrix 4
133
Load (N)
50
40
30 p
20
10
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Extension (mm)
[12]
Figure 48. Ball 4, 20 Degrees, Gold Matrix 4
134
50
40
30
20
10
Load (N)
P
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
Extension (mm)
[35]
Figure 49. Ball 1, 30 Degrees, Gold Matrix I
135
50
40
30
20
10
Load (N)
o
o.o
P
0.2 0.4 0.6 0.8 1.0 .2 1.4 1.6 1.8 2.0 2.2
Extension (mm)
[51]
Figure 50. Ball 2, 30 Degrees, Gold Matrix 1
136
Load (N)
50
40
30
20
10
0
0.0 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[16]
Figure 51. Ball 3, 30 Degrees, Gold Matrix 1
137
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
0.6
[18]
Figure 52. Ball 4, 30 Degrees, Gold Matrix I
138
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Extension (mm)
Figure 53. Ball 1, 30 Degrees, Gold Matrix 2
139
50
40
30
20
10
Load (N)
o
o.o
p
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Extension (mm)
[26]
Figure 54. Ball 2, 30 Degrees, Gold Matrix 2
140
50
40
30
20
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Extension (mm)
[45]
Figure 55. Ball 3, 30 Degrees, Gold Matrix 2
141
0.1
Load (N)
50
40
30
0
0.0 0.2 0.3
Extension (mm)
[8]
Figure 56. Ball 4, 30 Degrees, Gold Matrix 2
142
50
40
30
2O
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Extension (mm)
.8 2.0 2.2
[17]
Figure 57. Ball 1, 30 Degrees, Gold Matrix 3
143
50
40
30
20
10
Load (N)
o
o.o
P
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Extension (mm)
[16]
Figure 58. Ball 2, 30 Degrees, Gold Matrix 3
144
Load (N)
50
40
30
20
10
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Extension (ram)
[39]
Figure 59. Ball 3, 30 Degrees, Gold Matrix 3
145
Load (N)
50
4O
3O
2O
I0
0
0.0 0 .i 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[14]
Figure 60. Ball 4, 30 Degrees, Gold Matrix 3
146
50
40
30
2O
10
Load (N)
0
0.0 0.2 0.4 0.6 0.8 .0 .2 .4 .6 .8 2.0 2.2
Extension (mm)
[6]
Figure 61. Ball 1, 30 Degrees, Gold Matrix 4
147
Load (N)
50
40
30
20
10
0.00.10.20.30.40.50.60.70.80.91.01.11.21.31.41.5
Extension (mm)
[25]
Figure 62. Ball 2, 30 Degrees, Gold Matrix 4
148
Load (N)
50
40
30
0.0 0 . 0.2 0 . 0.4 0.5 0.6 0.7
Extension (mm)
0.8
[13]
Figure 63. Ball 3, 30 Degrees, Gold Matrix 4
149
50
40
30
2O
10
Load (N)
0.00.10.20.30.40.50.60.70.80.91.01.11.21.31.41.5
Extension (mm)
[22]
Figure 64. Ball 4, 30 Degrees, Gold Matrix 4
APPENDIX D. LOAD-DISPLACEMENT CURVES FOR TANIUM MATRICES
(COMBINED)
10
0
0.0 0 .3- 0 .4 0 .5
Extension (m m
150
APPENDIX E. INDIVIDUAL LOAD-DISPLACEMENT CURVES FOR TITANIUM
MATRICES
Load (N)
50
40
30
20
0.0 0.1 0.2 0.3
Extension (mm)
0.5 0.6
[20]
Figure 3. Ball 1, 0 Degrees, Titanium Matrix 1
151
152
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[12]
Figure 5. Ball 2, 0 Degrees, Titanium Matrix 1
153
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[21]
Figure 6. Ball 3, 0 Degrees, Titanium Matrix 1
154
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
0.6
[3]
Figure 7. Ball 4, 0 Degrees, Titanium Matrix 1
155
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
0.6
[6]
Figure 8. Ball 1, 10 Degrees, Titanium Matrix 1
156
Load (N)
50
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[25]
Figure 9. Ball 2, 10 Degrees, Titanium Matrix 1
157
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[5]
Figure 10. Ball 3, 10 Degrees, Titanium Matrix 1
158
Load (N)
50
40
3O
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
0.6 0.7
[12]
Figure 11. Ball 4, 10 Degrees, Titanium Matrix 1
159
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[18]
Figure 12. Ball 1, 20 Degrees, Titanium Matrix 1
160
Load (N)
50
40
30
20
10
0
0.0 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[37]
Figure 13. Ball 2, 20 Degrees, Titanium Matrix I
161
Load (N)
50
0.0 0.1 0.2 0.3 0.4
Extension (mm)
0.5 0.6
[22]
Figure 14. Ball 3, 20 Degrees, Titanium Matrix I
162
5O
4O
3O
2O
10
Load (N)
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[16]
Figure 15. Ball 4, 20 Degrees, Titanium Matrix 1
163
5O
4O
3O
2O
10
Load (N)
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[38]
Figure 16. Ball 1, 30 Degrees, Titanium Matrix 1
164
5O
4O
3O
2O
10
Load (N)
0
0.0 0.1 0.2 0.3
Extension (mm)
[10]
Figure 17. Ball 2, 30 Degrees, Titanium Matrix 1
165
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[22]
Figure 18. Ball 3, 30 Degrees, Titanium Matrix 1
166
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[24]
Figure 19. Ball 4, 30 Degrees, Titanium Matrix 1
167
Load (N)
50
40
30
20
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[15]
Figure 20. Ball 1, 0 Degrees, Titanium Matrix 2
168
Load (N)
50
4O
3O
20
10
0
0.0
Extension (mm)
[11]
Figure 21. Ball 2, 0 Degrees, Titanium Matrix 2
169
Load (N)
50
40
30
20
10
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[14]
Figure 22. Ball 3, 0 Degrees, Titanium Matrix 2
170
Load (N)
50
4O
3O
2O
I Io
o.o 0.1 0.2 0.3
Extension (mm)
0.4 0.5
[36]
Figure 23. Ball 4, 0 Degrees, Titanium Matrix 2
171
Load (N)
50
4O
30
2O
10
/
0
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[11]
Figure 24. Ball 1, 10 Degrees, Titanium Matrix 2
172
Load (N)
50
40
30
20
0
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[15]
Figure 25. Ball 2, 10 Degrees, Titanium Matrix 2
173
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[32]
Figure 26. Ball 3, 10 Degrees, Titanium Matrix 2
174
Load (N)
50
40
30
2O
10
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[3]
Figure 27. Ball 4, 10 Degrees, Titanium Matrix 2
175
Load (N)
50
4O
3O
2O
10
0
0.0
Extension (mm)
[2]
Figure 28. Ball 1, 20 Degrees, Titanium Matrix 2
176
Load (N)
5O
4O
3O
2O
10
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[16]
Figure 29. Ball 2, 20 Degrees, Titanium Matrix 2
177
Load (N)
50
40
30
20
10
o
o.o 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[34]
Figure 30. Ball 3, 20 Degrees, Titanium Matrix 2
178
Load (N)
50
40
30
20
10
o
o.o 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[7]
Figure 31. Ball 4, 20 Degrees, Titanium Matrix 2
179
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3
Extension (mm)
Figure 32. Ball 1, 30 Degrees, Titanium Matrix 2
180
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[29]
Figure 33. Ball 2, 20 Degrees, Titanium Matrix 2
181
5O
4O
3O
2O
10
Load (N)
o
o.o 0.1 0.2 0.3
Extension (mm)
[4]
Figure 34. Ball 3, 30 Degrees, Titanium Matrix 2
182
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[17]
Figure 35. Ball 4, 30 Degrees, Titanium Matrix 2
183
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
0.7
[8]
Figure 36. Ball 1, 0 Degrees, Titanium Matrix 3
184
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[43]
Figure 37. Ball 2, 0 Degrees, Titanium Matrix 3
185
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Extension (mm)
[33]
Figure 38. Ball 3, 0 Degrees, Titanium Matrix 3
186
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (ram)
[35]
Figure 39. Ball 4, 0 Degrees, Titanium Matrix 3
187
Load (N)
50
40
30
20
10
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[5]
Figure 40. Ball 1, 10 Degrees, Titanium Matrix 3
188
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[17]
Figure 41. Ball 2, 10 Degrees, Titanium Matrix 3
189
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[31]
Figure 42. Ball 3, 10 Degrees, Titanium Matrix 3
190
0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[9]
Figure 43. Ball 4, 10 Degrees, Titanium Matrix 3
191
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
0.7 0.8
[30]
Figure 44. Ball 1, 20 Degrees, Titanium Matrix 3
192
Load (N)
50
40
30
20
10
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[4]
Figure 45. Ball 2, 20 Degrees, Titanium Matrix 3
193
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[44]
Figure 46. Ball 3, 20 Degrees, Titanium Matrix 3
194
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
0.7 0.8
[10]
Figure 47. Ball 4, 20 Degrees, Titanium Matrix 3
195
Load (N)
5O
4O
3O
2O
10
0
0.0 0.1 0.2 0.3
Extension (mm)
[19]
Figure 48. Ball 1, 30 Degrees, Titanium Matrix 3
196
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3
Extension (ram)
0.4 0.5
[18]
Figure 49. Ball 2, 30 Degrees, Titanium Matrix 3
197
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3
Extension (mm)
[42]
Figure 50. Ball 3, 30 Degrees, Titanium Matrix 3
198
Load (N)
50
40
30
20
10
0.00 0.10 0.20
Extension (mm)
0.30
[19]
Figure 51. Ball 4, 30 Degrees, Titanium Matrix 3
199
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[2]
Figure 52. Ball 1, 0 Degrees, Titanium Matrix 4
200
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[13]
Figure 53. Ball 2, 0 Degrees, Titanium Matrix 4
201
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[39]
Figure 54. Ball 3, 0 Degrees, Titanium Matrix 4
202
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[26]
Figure 55. Ball 4, 0 Degrees, Titanium Matrix 4
203
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4
Extension (mm)
0.5 0.6
[20]
Figure 56. Ball 1, 10 Degrees, Titanium Matrix 4
204
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[40]
Figure 57. Ball 2, 10 Degrees, Titanium Matrix 4
2O5
5O
4O
3O
2O
10
Load (N)
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[25]
Figure 58. Ball 3, 10 Degrees, Titanium Matrix 4
206
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[41]
Figure 59. Ball 4, 10 Degrees, Titanium Matrix 4
207
Load (N)
50
4O
3O
2O
10
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
Figure 60. Ball 1, 20 Degrees, Titanium Matrix 4
208
Load (N)
50
40
30
2O
10
o
o.o 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[23]
Figure 61. Ball 2, 20 Degrees, Titanium Matrix 4
209
4O
3O
2O
I0
0
0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)
[9]
Figure 62. Ball 3, 20 Degrees, Titanium Matrix 4
210
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Extension (mm)
[13]
Figure 63. Ball 4, 20 Degrees, Titanium Matrix 4
211
Load (N)
50
40
30
20
10
0
0.00 0.05 0.10 0.1 5 0.20 0.25
Extension (mm)
0.30
[8]
Figure 64. Ball 1, 30 Degrees, Titanium Matrix 4
212
Load (N)
50
40
30
20
10
0
0.0 0.1 0.2 0.3 0.4
Extension (mm)
[27]
Figure 65. Ball 2, 30 Degrees, Titanium Matrix 4
213
Load (N)
5O
4O
3O
2O
0
0.0
10
0.1 0.2 0.3 0.4
Extension (mm)
[14]
Figure 66. Ball 3, 30 Degrees, Titanium Matrix 4
214
Load (N)
50
40
30
2O
Extension (mm)
[24]
Figure 67. Ball 4, 30 Degrees, Titanium Matrix 4
